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Abstract 
As a method of processing cemented carbide, sinking electrical discharge machining (EDM) is generally used. However, typical 
surface defects, such as cracks, microcraters and recast layer, lead to a decreased surface integrity, probably resulting in a short tool 
life. Under the present situation, the recast layer is removed by polishing. However, this process extends the machining time and 
increases the cost of production of metal molds. Therefore, it is desirable to eliminate these surface defects by some methods. Thus, 
an on-the-machine surface modification technology in EDM, for the complete elimination of surface defects, was developed in this 
study. The surface defects are eliminated using a sinking electrical discharge machine by introducing surface integrity machining 
for EDM (SIME) after applying finishing EDM. SIME is conducted by applying voltage to the constant gap between electrode and 
workpiece in deionized water. It can be considered that a recast layer including cracks is selectively eliminated by the dissolution of 
cobalt based on the electrolytic action during SIME. As a result, the surface defects generated by EDM could be completely 
eliminated by incorporating SIME into EDM 
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1. Introduction 
Cemented carbide, which is about two times harder 
than high-speed steel, exhibits superior wear- and heat-
resistance properties. As methods of processing 
cemented carbide, electrical discharge machining (EDM) 
and grinding are generally used. However, when 
cemented carbide is machined by EDM, typical surface 
defects, such as cracks, microcraters and a recast layer, 
lead to decreased surface integrity and may result in a 
shorter die life. Therefore, it is desirable that these 
surface defects are removed.  
Thereby, as a method of removing the surface defects 
generated by EDM, a surface modification method using 
oxidation is proposed [1]. The proposed method involves 
the high-temperature oxidation of the surface of 
cemented carbide, thus softening the layers with many 
pores so that they can be easily removed by rubbing with 
a wire brush. A new polishing method in which surface 
modification by an oxidizing treatment is combined with 
flow polishing using abrasives was developed to remove 
the surface defects generated in cemented carbide with 
fine holes by wire electrical discharge machining 
(WEDM) [2]. In this method, although it is desirable to 
avoid a thermal process if possible, the oxidizing 
treatment is added to process. 
Thus, on-the-machine surface modification 
technology in WEDM has already been developed for 
the purpose of completely removing the surface defects 
[3]. The surface defects are removed on a wire electrical 
discharge machine by introducing the surface integrity 
cut (SI-cut) after applying a large number of WEDM 
finishing cuts. In SI-cut, it is considered that the 
electrolysis phenomenon occurs between the workpiece 
and the wire electrode. In this study, the application of 
on-the-machine surface modification technology in 
WEDM to EDM is described. 
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2.Experimental method 
2.1.Experimental apparatus 
One type of cemented carbide (D20) was selected for 
use in this study whose chemical composition is 
WC90%, Co7% and (TaC+TiC) 3%. The surface defects 
are removed in a sinking electrical discharge machine by 
introducing a new process after finishing EDM. This 
process is called surface integrity machining for EDM 
(SIME). Figure 1 shows the experimental apparatus used 
for EDM and SIME. The tests in this study are 
performed on a die sinking machine (Mitsubishi DIAX-
EA8). In the first stage, EDM is carried out using a die 
sinking machine in a dielectric working fluid of oil. 
SIME is conducted in a work tank filled with deionized 
water in the next stage. In this case, the gap between the 
workpiece and the electrode is kept at a constant value of 
250  and the open circuit voltage is set to 88V for 
both EDM and SIME. As a result, it becomes difficult to 
induce the electrical discharge between the workpiece 
and the electrode for SIME because of the large gap. The 
electrical conductivity of the deionized water used 
during SIME in the experiments was low (1-2 S/cm). It 
can be considered that the recast layer including the 
cracks is selectively removed by the dissolution or 
hydroxylation of cobalt as a result of electrolytic action 
during the SIME process. SIME is conducted using an 
external power supply, as shown in Fig.1.  
Figure 2 shows a diagram of the circuit used for EDM 
or SIME. EDM or SIME is selected using a switch. A 
desired pulse line is applied between the workpiece and 
the electrode using a function generator. 
2.2. Machining conditions for EDM and SIME 
The conditions for the processes from forming by 
EDM to surface modification by SIME are shown in 
Table 1. After roughing EDM, finishing EDM was 
performed to reduce the thickness of the recast layer and 
the crack depth. Even when a single electrical discharge 
is generated during the SIME process, a new recast layer 
is formed on the machined surface and cracks are 
generated in this layer. EDM is carried out in a dielectric 
working fluid of oil, whereas SIME is conducted in 
deionized water. After finishing EDM, the distance 
between the positive workpiece and the negative 
electrode is maintained at 250  with the electrode used 
in finishing EDM. As a result, it becomes difficult to 
induce the electrical discharge between the workpiece 
and the electrode. 
3. Proposed surface modification mechanism 
Figure 3 schematically illustrates the on-the-machine 
surface modification mechanism. As shown in Fig.3 (a), 
cracks and microcraters exist in the recast layer, and 
many voids can be observed at the boundary between the 
recast layer and the base metal. The cracks mainly 
propagate in the recast layer, and the surface layer and 
the voids are linked together by these cracks. In the 
SIME process, although the recast layer is attacked by 
electrolytic action, deionized water is supplied to the 
boundary between the recast layer and the base metal. 
The deionized water penetrates to this boundary through 
the cracks and microcraters generated by EDM. If 
electrolytic action is generated between the workpiece 
and the electrode, the water will be ionized to H+ and 
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OH-. OH- ions move towards the workpiece, which acts 
as an anode, and the following reaction is induced. 
   4OH- 2H2O+O2+4e- 
In the workpiece anode, as shown in Fig.3 (b), cobalt 
is selectively dissolved and becomes an cobalt hydroxide 
through its reaction with OH-. Subsequently, the cobalt 
in the boundary loses its binder function. The recast 
layer is separated from the base metal because the cobalt 
binder is lost through dissolution or its conversion to 
cobalt hydroxide owing to electrolytic action. 
Thus, as shown in Fig.3(c), the recast layer that is 
separated from the base metal is partially flushed away 
by pouring water into the gap. As a result, tungsten 
carbide grains appear on the surface owing to the 
removal of debris adhering to the SIME surface.
Furthermore, there is the lack layer of cobalt on the 
SIME surface in Fig.3(c). 
4. Results and discussion 
4.1. Surface after EDM and crack propagation into base 
metal 
Figure 4 shows a surface subjected to EDM observed 
by a scanning electron microscope (SEM) as a COMPO 
image. This surface is machined under the finishing 
conditions shown in Table 1. A large number of cracks 
can be clearly recognized around the circumference of 
the discharge craters on the machined surface. 
Moreover, many microcraters, which are visible as dark 
spots, are also distributed throughout the machined 
surface.  
The cross section of a cemented carbide surface after 
EDM is shown in Fig.5. The discharge current is 20A 
and the pulse duration is 5 . The polarity of the 
electrode is negative. The surface layer without WC 
grains is the so-called recast layer. This layer can be 
clearly distinguished from the base metal. The crack 
propagates through the recast layer and continues to 
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propagate in the base metal underneath the recast layer. 
The transgranular crack can be observed directly under 
the recast layer. On-the-machine surface modification 
technology is difficult to apply in the case shown in 
Fig.5 because the recast layer including the cracks is 
selectively removed during the SIME process. 
4.2. SIME surface 
On the other hand, a surface obtained by performing 
SIME after EDM is shown in Fig.6. This photograph 
was obtained after SIME, and the removal of debris 
attached to the SIME surface was carried out using a 
brush. This surface is completely covered with WC 
grains. Tungsten carbide is the main component of 
cemented carbide and is uniformly distributed over the 
machined surface after SIME. However, the content of 
cobalt is less than 1% in the SIME surface. It is inferred 
that the cobalt content decreased through the dissolution 
or hydroxylation of the cobalt as a result of the 
electrolytic action. The residue of debris can be 
recognized in the dashed white ellipse in the figure. It is 
considered that the debris is difficult to delaminate from 
the base metal. No surface defects generated by EDM, 
such as cracks and microcraters, can be observed. 
4.3. Current waveform in SIME 
Although no cracks or microcraters were observed on 
the surface obtained by SIME, as shown in Fig. 6, cracks 
will be formed on the machined surface if electrical 
discharge is generated at least once during SIME. 
Unfortunately, it is impossible to securely detect 
intergranular cracks in this figure. Therefore, the current 
waveform was measured to ensure that only the 
electrolysis phenomenon occurs during SIME. A 
Rogowski-type current sensor is used in this experiment. 
The current waveform obtained during EDM is shown in 
Fig.7. The discharge current is 5A and the pulse duration 
is 10 . It was found that electrical discharge is 
frequently generated since current peaks can be observed 
in the waveform. 
The current waveform during SIME was similarly 
measured. The sensitivity of the sensor was set at the 
same value in both measurements. The distance between 
the workpiece and the electrode was fixed at 250  and 
the pulse duration was 30 . No current peak over 1A 
was observed during SIME, as shown in Fig. 8. It was 
found from the current waveform that a small current of 
less than 0.2A regularly flows during the pulse duration. 
It was thus concluded that only electrolytic action occurs 
during SIME. 
4.4. Cobalt distribution on SIME surface 
Figure 9 shows the SIME surface and the cobalt 
distribution on the surface. After finishing EDM, SIME 
is conducted using the same cylindrical electrode. The 
boundary between the surfaces subjected to EDM and 
SIME is shown by a dashed white line in the SEM image 
in Fig.9 (a). The surface generated by SIME appears to 
be flatter and smoother than that generated by EDM.  
Figure 9(b) shows the cobalt distribution of the SIME 
surface obtained using an electron probe microanalyzer 
(EPMA). In this figure, the warm colors mean that there 
is much cobalt at the spot. The cobalt content distributed 
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Fig.8. Current waveform obtained during SIME 
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Fig.6. Surface obtained by SIME after cleaning by brushing  
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over the SIME surface is less than that on the EDM 
surface. It is inferred that the cobalt content decreased 
through its dissolution or hydroxylation of the cobalt as 
a result of the electrolytic action. However, this layer of 
less cobalt content than base metal is very thin with a 
width of less than 2 . From the results shown in Fig.9, 
cobalt is judged to be an important factor in the on-the-
machine surface modification mechanism during the 
SIME process. 
4.5. Observation of debris generated during SIME 
When the SIME process was finished, the debris was 
partially deposited on the SIME surface in the work 
tank. The deionized water used during SIME was 
collected, then the debris from the deionized water was 
extracted by evaporating the water. Figure 10 shows a 
SEM image of typical debris generated during SIME. It 
can be seen that the debris formed a network pattern 
consisting of blocks. This clearly indicated that the 
debris generated during SIME was composed of WC 
grains, such as those in the dashed white circle in Fig.10. 
The debris mainly consists of the recast layer and is 
flushed away by the deionized water. As a result, a 
surface that is completely covered with WC grains 
appears after the SIME process. 
5. Application of SIME process to die manufacturing 
5.1. Manufacture of simple die 
A simple die was manufactured by applying the 
SIME process developed in this study. Figure 11 shows 
the geometrical arrangement of the workpiece and the 
electrode. The workpiece was machined with a conical 
electrode in a dielectric working fluid of oil. The 
machining conditions used were already shown in Table 
1. After roughing and finishing EDM, the dielectric fluid 
was drained from the work tank and the workpiece 
machined by EDM was cleaned with acetone. 
Subsequently, in SIME, the work tank was filled with 
deionized water and the gap between the positive 
workpiece and the negative electrode was kept at a 
constant value of 250 . 
5.2. EDM surface polished by lapping 
Figure 12 shows the surface obtained by polishing the 
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Fig.11. Manufacture of simple die 
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Fig.10. Typical debris generated during SIME 
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Fig.12. Surface subjected to EDM after polishing 
EDM surface. The bottom surface on the die 
schematically shown in Fig.11 was observed by SEM as 
a COMPO image. Polishing was performed as follows. 
Slurry including diamond paste with a grain size of 3  
was supplied between the workpiece and the electrode 
while the conical electrode was rotated at a constant 
speed. Transgranular cracks can be clearly seen in the 
dashed black ellipse in Fig.12. These cracks may result 
in a shorter die life. It is desirable that these surface 
defects are removed by some method, and it is 
considered that cracks that propagate into the base metal 
cannot be removed by a lapping. 
5.3. Observation of die surface after SIME 
After SIME, the side wall and bottom surface of the 
die were observed by SEM, as shown in Fig.13. In this 
figure, the side wall is shown in the upper image and the 
bottom surface is shown in the lower image. These 
images were obtained after removing the debris attached 
to the SIME surface. Both surfaces are completely 
covered with WC grains. No surface defects, such as 
cracks and microcraters generated by EDM, can be seen. 
Moreover, from the observation of the bottom surface, 
no transgranular cracks exist on the SIME surface. 
Judging from this fact, the surface integrity of cemented 
carbide machined by EDM is recovered through the 
SIME process. 
6. Conclusions 
For the purpose of completely removing the surface 
defects generated in cemented carbide by EDM, on-the-
machine surface modification technology was developed 
in this study.By applying this technology to a simple 
die, the surface defects generated by EDM could be 
completely removed by incorporating the SIME process 
into EDM. The resulting surface was completely covered 
with WC grains. 
The observation of debris generated during SIME 
indicated that the debris is composed of tungsten carbide 
grains. As a result of the electrolytic action, the cobalt 
content on the SIME surface is reduced to less than that 
on the surface subjected to EDM. The recast layer 
including the cracks is selectively removed by the 
dissolution or hydroxylation of cobalt as a result of 
electrolytic action during the SIME process. 
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